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namics such as the Rho family GTPases (e.g., Cdc42
and Rac) (Hall, 1998)? Rho family GTPases, molecular
switches cycling between an active GTP-bound state
and an inactive GDP-bound state, play crucial roles in
yeast budding and polarity establishment (Adams et al.,
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1990; Chant, 1994; Miller and Johnson, 1994) and inSan Francisco, California 94143
neuronal development (Luo, 2000; Redmond and Ghosh,
2001). Since the activated form of Cdc42 and Rac1 asso-
ciates with the Par3/Par6/aPKC protein complex that isSummary
evolutionarily conserved from worm to fly to mammal
(Joberty et al., 2000; Johansson et al., 2000), it wouldHow a neuron becomes polarized remains an out-
be interesting to test whether mammalian homologs ofstanding question. Here, we report that selection of the
these proteins play a role in specifying the axon.future axon among neurites of a cultured hippocampal
The Par3/Par6/aPKC protein complex is crucial forneuron requires the activity of growth factor receptor
the anterior/posterior polarity of the single cell embryotyrosine kinase, phosphatidylinositol 3-kinase (PI
in C. elegans as well as the apical/basal polarity of epi-3-kinase), as well as atypical protein kinase C (aPKC).
thelial cells and neuroblasts in Drosophila (Kemphues,The PI 3-kinase activity, highly localized to the tip of
2000; Jan and Jan, 2001; Ohno, 2001). Both Par3 andthe newly specified axon of stage 3 neurons, is essen-
Par6 contain PDZ (PSD95/Dlg/ZO-1) domains, whichtial for the proper subcellular localization of mPar3,
may interact with other PDZ domains or with specificthe mammalian homolog of C. elegans polarity protein
sequence motifs (Sheng and Sala, 2001). MammalianPar3. Polarized distribution of not only mPar3 but also
Par6 (mPar6) contains a single PDZ domain and amPar6 is important for axon formation; ectopic ex-
Cdc42/Rac interactive binding (CRIB) domain, which as-pression of mPar6 or mPar3, or just the N terminus of
sociates with the GTP-bound active form of Cdc42 andmPar3, leaves neurons with no axon specified. Thus,
Rac1 (Joberty et al., 2000; Johansson et al., 2000). Itneuronal polarity is likely to be controlled by the
also binds the regulatory domain of aPKC via its N-ter-mPar3/mPar6/aPKC complex and the PI 3-kinase sig-
minal region. The mammalian homolog of Par3 in C.naling pathway, both serving evolutionarily conserved
elegans and Bazooka in Drosophila, mPar3, is alsoroles in specifying cell polarity.
called ASIP (aPKC specific interacting protein) in rat and
PHIP (Par3 homolog) in mouse, and it encodes a largeIntroduction
protein containing three PDZ domains (Izumi et al., 1998;
Lin et al., 1999). The first PDZ domain in mPar3 interactsNeurons polarize to elaborate multiple dendrites and
with the PDZ domain of mPar6, and the mPar3 C-ter-one long axon, so as to receive and transmit signals and
minal region binds to the kinase domain of aPKC (Job-form circuitry. Just how a neuron acquires its polarity is
erty et al., 2000; Lin et al., 2000). Thus, mPar3 acts asa fascinating question under intensive study. One estab-
a scaffold to nucleate a multi-protein complex includinglished model system is the primary culture of dissociated
mPar6, activated Cdc42/Rac1, and aPKC (Joberty et al.,hippocampal neurons from rodents (Craig and Banker,
2000; Lin et al., 2000). These mammalian proteins are1994). Without obvious external polarity cues, these cul-
involved in the formation or maintenance of tight junc-tured neurons first extend several undifferentiated neu-
tion (TJ) in epithelial Madin-Darby canine kidney (MDCK)
rites (at stage 1–2). Then, at stage 3, one of these initially
cells (Izumi et al., 1998; Gao et al., 2002; Hirose et al.,
equivalent neurites grows rapidly and becomes the
2002). Furthermore, both mPar3 and mPar6 exhibits sim-
axon, whereas the other neurites subsequently develop ilar abundant expressions in mammalian hippocampal
into dendrites at stage 4. This process of axon selection and cortical neurons (Lin et al., 2000); however, the phys-
is likely to involve competition among the neurites for iological significance of this evolutionarily conserved
cellular resources (Goslin and Banker, 1989). protein complex in the mammalian central nervous sys-
One way for the axon to differentiate from other neu- tem is unknown.
rites is to exhibit different cytoskeleton dynamics (Bradke The function of the Par3/Par6/aPKC protein complex
and Dotti, 1999). Neurite elongation entails extension critically depends on its polarized subcellular distribu-
of microtubules distally into growth cones, which have tion. In the C. elegans zygote, Par3 and Par6 colocalize
abundant actin filaments. It has been proposed that with PKC-3 at the anterior pole and are required for
actin filaments within axonal growth cones are more asymmetric cell division (Etemad-Moghadam et al., 1995;
dynamic and flexible than those in other neurites, Rose and Kemphues, 1998; Tabuse et al., 1998). In Dro-
thereby allowing preferential growth of the axon when sophila, DmPar6, Bazooka, and aPKC all localize to the
neurons polarize (Bradke and Dotti, 1999). apical pole of epithelial cells and neuroblasts, leading
What might make actin filaments different in neurites to asymmetric localization of cell fate determinants
destined to become axons rather than dendrites? Could (Schober et al., 1999; Wodarz et al., 1999, 2000; Pet-
this process involve upstream regulators of actin dy- ronczki and Knoblich, 2001). In both systems, these
three proteins depend on one another for their polarized
distribution and function; loss of any one causes mislo-*Correspondence: ynjan@itsa.ucsf.edu
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calization of the other two and results in defects in cell being particularly concentrated at its tip, but not detect-
able in other neurites (Figure 1B, right; Figure 1C, bot-polarity and asymmetric cell division. Thus, to explore
the functional roles of these proteins in establishing tom). Thus, mPar3 becomes selectively localized as the
neuron polarizes; the polarized distribution of mPar3 inneuronal polarity, it will be important to examine their
distribution in polarizing neurons and test whether alter- neurites correlates with the specification of the axon
(relative intensity to cell body at tip: axon, 67.8  8.8%;ation of their subcellular localization affects the axon
specification. dendrite, 16.3  2.2%; n  7; p  0.0005; Figure 1D).
Does the mPar3/mPar6/aPKC protein complex play a
role in establishing neuronal polarity? If so, does it re- Ectopic mPar3 Expression Abolishes
quire the kinase activity of aPKC? If this protein complex Neuronal Polarity
is localized to a specific region of the cultured hippo- To test whether the polarized distribution of mPar3 is
campal neuron in the absence of any obvious external important for axon specification, we transfected hippo-
polarity cues, what might act upstream and instruct the campal neurons around 4–6 hr after they were plated in
polarized distribution of these proteins? We approached culture with fluorescence tagged mPar3 (EGFP-mPar3).
these questions in this study by demonstrating a critical About 40–48 hr after plating, transfected neurons were
role for mPar3/mPar6/aPKC as well as PI 3-kinase in stained with anti-Tuj1 antibody and the polarity was then
establishing neuronal polarity and exploring the poten- assessed. As control, neurons were transfected with
tial signal transduction pathways involved. EGFP and found to display normal polarity, with a single
long projection and some minor processes (percentage
of neurons polarized: 90.2  2.7%, n  68; Figures 2AResults
and 2B). In contrast, the majority of neurons transfected
with EGFP-mPar3 were without a single long processCultured hippocampal neurons were used to study the
signaling mechanisms for establishing neuronal polarity. and, instead, contained two or more neurites with similar
lengths (percentage of neurons polarized: 23.9  4.5%,After neurons were dissociated and plated, each neuron
extended several processes with similar lengths during n  73; p 0.001; Figures 2C, 2F, and 2G). EGFP-mPar3
proteins showed punctate distribution in the cell bodythe first 12–24 hr (stage 1–2). In the next 12–24 hr, one,
and only one, of the processes started to grow rapidly and nearly all the processes, unlike the polarized distri-
bution of endogenous mPar3 (Figure 1B). Often thereand began to express the axon-specific microtubule-
associated protein Tau1, whereas other neurites re- was elevated Tuj1 immunoreactivity around the EGFP-
mPar3 puncta in the processes (Figure 2C, arrows), in-mained quiescent, resulting in morphological polariza-
tion of the neuron (stage 3, Figure 1A). Those quiescent dicative of abnormal microtubule organization. The po-
larity defect in EGFP-mPar3 expressing neurons wasminor processes later acquire morphological and func-
tional features of dendrites (stage 4) (Craig and Banker, further confirmed with anti-Tau1 antibody staining; these
neurons failed to extend a single long process express-1994). Staining of stage 3 neurons with phalloidin, which
selectively labels filamentous actin (F-actin), revealed ing the axonal marker Tau1 (Figure 2D). Expression of
mPar3 did not prevent neurite growth in general, asgreater enrichment of the more stable F-actin in the
future dendritic processes as compared to the axon neurons expressing EGFP-mPar3 or EGFP grew rather
similar long processes around 48 hr after plating (aver-(Figure 1A). This is consistent with previous studies,
which suggest that differences in actin cytoskeleton dy- age length of 4 longest neurites: EGFP, 53.6  5.6 m,
n  6; EGFP-mPar3, 58.2  5.9 m; n  7; p  0.5;namics distinguish immature neurites that will form axon
rather than dendrites (Bradke and Dotti, 1999). What Figures 2C, 2D, and 2E). Similar defects in neuronal
polarity were induced either with the EGFP-mPar3 fu-might be the molecular mechanisms that create such
differences so as to polarize the neuron? sion protein or with coordinated expression of mPar3
and EGFP as two separate proteins using the internal
ribosomal entry site sequence (IRES) (mPar3-IRES-GFP,Polarized Distribution of mPar3
percentage of neurons polarized: 21.9  3%, n  32;in Hippocampal Neurons
p  0.01; Figure 2G), indicating the defect on neuronalTo test whether the initial axon specification depends on
polarity induced by mPar3 overexpression is not due tothe evolutionarily conserved Par3/Par6/aPKC complex
its fusion with EGFP. These results suggest that polar-important for establishing cell polarity in worm and fly
ized distribution of mPar3 is important for axon specifi-(Kemphues, 2000; Jan and Jan, 2001; Ohno, 2001), we
cation and establishing neuronal polarity.first examined the distribution of mPar3 because it is
believed to nucleate the protein complex containing
aPKC, mPar6, and the activated form of Cdc42 and Rac1 The mPar3 N-Terminal Region Is Critical
for Its Subcellular Localization(Joberty et al., 2000; Lin et al., 2000), which are the
primary regulators of actin dynamics (Hall, 1998). By and Function in Neuronal Polarity
To further examine the role of mPar3 in neuronal polarity,double-labeling neurons with anti-mPar3 antibody and
anti-Tuj1 antibody that recognizes the neuronal specific we transfected hippocampal neurons with a series of
EGFP tagged deletion mutants of mPar3 (Figure 3). Re-class III -tubulin and marks immature neurons but not
glial cells in the culture, we found mPar3 in the cell body markably, unlike neurons expressing EGFP-mPar3 (Fig-
ure 2), neuronal polarity was not affected by expressionand their multiple undifferentiated minor processes of
non-polarized stage 2 neurons (Figure 1B, left; Figure of EGFP-mPar3(delN), which lacks the first 229 amino
acids but still contains the PDZ domains and the aPKC1C, top). In polarized stage 3 neurons, however, besides
the cell body mPar3 was abundant only in the axon, interacting domain (percentage of neurons polarized:
Signaling Required for Initial Axon Specification
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Figure 1. Polarized Distribution of mPar3 in Stage 3 Hippocampal Neuron
(A) Stage 3 hippocampal neuron (arrow) in culture transfected with EGFP (leftmost) and stained with the axonal marker anti-Tau1 antibody
(middle left) and Phalloidin to label F-actin (middle right). About 40–48 hr after plating, most hippocampal neurons in culture are polarized
with a single long process positive for the axonal marker Tau1 (arrow head), and several short dendritic processes (arrow). Phalloidin staining
reveals much more stable F-actin in the short dendritic processes than in the axon. The scale bar equals 25 m.
(B) Distribution of mPar3 in stage 2 and stage 3 cultured hippocampal neurons, identified and visualized with the anti-Tuj1 antibody against
the neuronal specific class III -tubulin. While in stage 2 neurons mPar3 appears in all processes (left, arrows), in stage 3 neurons mPar3 is
only abundant in the axon, especially at the tip (arrow), but not in the other neurites (right). There is no detectable staining when the primary
anti-mPar3 antibody was omitted. The scale bar equals 25 m.
(C) Profiles of mPar3 immunofluorescence intensity in the processes of stage 2 (top, arrowheads indicate the tips of four undifferentiated
minor processes) and stage 3 (bottom, arrow indicates the tip of the axon) neurons. AU, arbitrary unit. Dashed line indicates the background
level fluorescence intensity.
(D) Relative mPar3 immunofluorescence intensity at the tips of axon and dendrite normalized to that of the cell body in stage 3 neurons.
83.0  4.2%, n  49; p  0.2; Figures 3B and 3E). n  48; p  0.001; Figures 3D and 3E). Interestingly,
similar to EGFP-mPar3, the mPar3 N-terminal regionEGFP-mPar3(delN) also differed from EGFP-mPar3 in
subcellular distribution; it was present diffusely through- alone also showed a punctate distribution in both cell
bodies and processes. Taken together, these resultsout the neuron though more concentrated in the axon
and its tip (Figure 3B). In contrast, most neurons ex- indicate that the N-terminal region of mPar3 is critical for
its subcellular localization and function in establishingpressing EGFP-mPar3(delC), which contains the N-ter-
minal region and the PDZ domains but not the C-terminal neuronal polarity.
842–1337 amino acids, showed defects in polarity (per-
centage of neurons polarized: 27.4  3.9%, n  33; p  Role of mPar6 in Neuronal Polarity
If axon specification involves mPar3, does it also involve0.001; Figures 3C and 3E). These findings suggest that
the N-terminal region of mPar3 is important for its sub- mPar6, which contains a PDZ domain that binds mPar3
(Joberty et al., 2000; Lin et al., 2000)? We found that,cellular localization and function in neuronal polarity,
presumably through protein-protein interactions or post- similar to mPar3, besides the cell body endogenous
mPar6 was enriched only in the axon, especially at thetranslational modifications. We therefore tested whether
the mPar3 N-terminal region by itself acts in a dominant- tip (Figure 4A). To see whether polarized distribution of
mPar6 is important for establishing neuronal polarity, wenegative fashion and exerts any defect on neuronal po-
larity. Indeed, neurons expressing the first 229 amino transfected neurons with EGFP tagged mPar6, EGFP-
mPar6. As shown in Figures 4B and 4C, neurons ex-acids of mPar3, EGFP-mPar3(N-ter), showed defects in
polarity (percentage of neurons polarized: 25.5  6.8%, pressing EGFP-mPar6 lacked a long axon (percentage
Cell
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Figure 2. mPar3 Is Involved in Establishing Neuronal Polarity
(A and B) Culture hippocampal neuron transfected with EGFP (A, left; B, top), identified with neuronal specific marker anti-Tuj1 antibody (A,
middle), exhibits normal polarity with one long process expressing Tau1 (axon, B, third image) and several minor short processes expressing
MAP2 (dendrites, B, second image). The scale bar equals 25 m.
(C) Ectopic expression of EGFP-mPar3 affects neuronal polarity. Fluorescence tagged mPar3 has a punctate distribution in cell bodies and
all processes (left), and prevents the specification of an axon and establishment of neuronal polarity. Instead, several processes with similar
lengths extend from the cell body (middle). Tuj1 immunoreactivity also accumulates around the EGFP-mPar3 puncta (arrows). The scale bar
equals 25 m.
(D) Neurons expressing EGFP-mPar3 lack a single long process positive for the axonal marker anti-Tau1. Four processes with similar length
were indicated with arrows. The scale bar equals 25 m.
(E) Average length of 4 longest neurites in neurons expressing EGFP control and EGFP-mPar3, indicating expression of mPar3 did not prevent
neurite elongation in general.
(F) Ratio of the length of the longest neurite and the second, third, or fourth longest neurite in neurons expressing EGFP control and EGFP-
mPar3. In neurons expressing EGFP-mPar3, two or more than two processes show similar length with a ratio less than 2, indicated with the
dashed line.
(G) Quantification of polarity defects in neurons expressing EGFP-Par3 and Par3-IRES-GFP, compared to control neurons expressing EGFP
alone.
of neurons polarized: 38.0  2.0%, n  42; p  0.005). polarized: DMSO, 83.7  4.5%, n  5; Bis, 20.7  1.9%,
Thus, like mPar3, mPar6 exhibits polarized distribution n  5; p  0.001; Figure 5C). The polarity defect was
crucial for axon specification and neuronal polarity. induced by the PKC inhibitor, but not by Rp-8-Br-cAMP,
an inhibitor of protein kinase A (PKA) (percentage of
neurons polarized: 80.6  1.1%, n  3; p  0.6; FigureRole of aPKC Activity in Neuronal Polarity
5C). These results suggest that PKC, but not PKA, activ-Since mPar3 and mPar6 could both directly interact
ity is specifically required for the establishment of neu-with aPKC, we set out to test whether aPKC activity is
ronal polarity.important for neuronal polarity. Treatment of neurons
PKCs fall into three major classes with different cofac-with Bisindolylmaleimide I (Bis), which inhibits most
tor specificity: conventional (, , and ), novel (, 	, 
,known PKC isoforms including aPKCs, prevented the
and ), and atypical ( and /) (Tanaka and Nishizuka,establishment of neuronal polarity (Figure 5A). Unlike
1994). In cultured hippocampal neurons, conventionalcontrol neurons treated with dimethyl sulfoxide (DMSO),
PKCs initially appear at very low levels and then increasewhich acquired normal polarity, neurons treated with
continuously after neurons are in culture for two or threeBis lacked a long axon but instead contained only short
processes with similar lengths (percentage of neurons days. In contrast, novel PKCs and atypical PKCs start
Signaling Required for Initial Axon Specification
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Figure 3. Functional Significance of the N-Terminal Region of mPar3
(A) Schematic diagram of domain organization of mPar3.
(B) Hippocampal neurons expressing the N-terminal truncation mutant lacking the first 229 amino acids of mPar3 (EGFP-mPar3(delN)) shows
normal polarity, and each produces a single long process with giant growth cones (middle), characteristic of axon. Mutant proteins are diffusely
distributed (left), unlike EGFP-mPar3. The scale bar equals 50 m.
(C) Neurons expressing the C-terminal truncation mutant of mPar3 (EGFP-mPar3(delC)) exhibit multiple processes with similar lengths with
no evident polarity (middle) and the mutant proteins show a punctate distribution (left) similar to that of EGFP-mPar3. The scale bar equals
50 m.
(D) Expression of the first 229 amino acids of mPar3 (EGFP-mPar3(N-ter)) by itself is sufficient to cause defects in neuronal polarity. The
mPar3 N-terminal region, like EGFP-mPar3, shows punctate distribution (left) and causes neurons to display multiple processes with similar
lengths without a single long process (middle). The scale bar equals 50 m.
(E) Quantification of polarity defects in neurons expressing EGFP-mPar3(delN), EGFP-mPar3(delC), and EGFP-mPar3(N-ter).
to increase from the onset of culture then reach maximal ronal polarization. What might be the polarity signal act-
ing upstream of mPar3/mPar6/aPKC and Cdc42/Rac1?levels in two to three days (Tejero-Diez et al., 1995).
One likely candidate is PI 3-kinase, which could regu-To test whether atypical PKC activity is required for
late both aPKC and Cdc42/Rac1 activities (Cantley,establishing neuronal polarity, we treated neurons with
2002). PKC can be directly activated by 3-phosphoino-a membrane permeable myristoylated pseduosubstrate
sitide-dependent protein kinase-1 (PDK1) in a PIpeptide inhibitor specific for PKC, one subtype of
3-kinase activity dependent manner (Nakanishi et al.,aPKCs (Figure 5B). We found that inhibition of PKC
1993; Le Good et al., 1998). PI 3-kinase or its lipid prod-prevented neurons from acquiring polarity (percentage
uct PI(3,4,5)P3 can also greatly enhance the activity ofof neurons polarized: 16.3  3.0%, n  4; p  0.005;
GDP/GTP exchange factors (GEF) specific for Rho familyFigure 5C).
GTPases (Han et al., 1998; Welch et al., 2002). Moreover,
PI 3-kinase and PI(3,4,5)P3 play critical roles in cell po-
PI 3-Kinase Activity Is Required larization and directional movement during chemotaxis
for Neuronal Polarity (Rickert et al., 2000).
We have shown that proper localization of both mPar3 To determine whether PI 3-kinase activity is important
and mPar6 as well as the kinase activity of aPKC are for establishment of neuronal polarity, we treated neu-
required for neuronal polarity. These proteins form a rons with LY 294002, a specific inhibitor for PI 3-kinase
complex in vitro and colocalize in the brain (Lin et al., (Figure 6A, middle). We found that this treatment pre-
2000). This protein complex also associates with acti- vented neurons from elaborating axons (percentage of
vated Cdc42 and Rac1 (Joberty et al., 2000; Johansson neurons polarized: DMSO, 80.5  4.7%, n  4; LY
et al., 2000), which could regulate actin cytoskeleton 294002 (20 M), 26.5  4.6%, n  3; p  0.001; LY
294002 (100 M), 22.7  1.8%, n  3; p  0.001; Figuredynamics and other cellular events important for neu-
Cell
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Figure 4. Polarized Distribution of mPar6 Is
Important for Neuronal Polarity
(A) The mPar6 protein is concentrated in the
long axon, especially at the tip (middle,
arrow), but not the other neurites in stage 3
hippocampal neuron identified and visualized
with anti-Tuj1 antibody. The scale bar equals
25 m.
(B) Neuron transfected with EGFP-mPar6
(top) has no axon but several processes with
similar lengths (middle). The scale bar equals
50 m.
(C) Quantification of polarity defects in neu-
rons expressing EGFP-mPar6 compared to
control neurons expressing EGFP alone.
6B). Different isoforms of PI 3-kinases catalyze the trans- formation was compromised (data not shown), indicat-
ing that neuronal polarity depends critically on thefer of phosphate from ATP to the D3 position of different
phosphoinositides (Katso et al., 2001). Based on sub- PI(3,4,5)P3 level. We therefore resorted to monitoring
activation of endogenous Akt, one of the major down-strate specificity, PI 3-kinases fall into three major
classes (I, II, and III) and it is mainly class I PI 3-kinase stream effectors of PI 3-kinase, as an indicator for PI
3-kinase activity. It has been shown that association ofthat generates PI(3,4,5)P3 (Stephens et al., 1991; Hawkins
et al., 1992). As described below, treatments designed Akt and PDK1 with the PI(3,4,5)P3, the lipid product
of PI 3-kinase, brings these kinases into proximity andto reduce the PI 3-kinase product PI(3,4,5)P3, such as
expression of PI(3,4,5)P3 binding pleckstrin homology allows PDK1 to phosphorylate Akt, thereby activating
Akt (Cantley, 2002). Using an antibody specific for the(PH) domains or the PI(3,4,5)P3 phosphatase PTEN
(phosphatase and tensin homolog deleted on chromo- activated Akt that is phosphorylated at Ser473, we found
that besides the cell body activated Akt was enrichedsome 10), hampered axon formation. Thus, PI 3-kinase
activity, likely that of class I PI 3-kinase, is required for only at the tip of the axon but not other processes (rela-
tive intensity to cell body: tip of axon, 53.2  7.6%; tipestablishing neuronal polarity.
of dendrite, 13.4  1.1%; n  6; p  0.005; Figures 7A,
7B, and 7C). Hence, PI 3-kinase activity as well as itsPI 3-Kinase Activity Is Localized to the Axon
and Necessary for Polarized Localization PI(3,4,5)P3 product are most likely elevated selectively
at the tip of the axon.of mPar3
How might PI 3-kinase be involved in establishing neu- How might this localized PI 3-kinase activity establish
neuronal polarity? To approach this question, we at-ronal polarity? Does the PI 3-kinase activity show polar-
ized distribution in neurons? The subcellular location of tempted to specifically reduce the PI 3-kinase product
PI(3,4,5)P3 with a phosphatase and examined how thisPI 3-kinase activity in certain cell types can be deter-
mined using EGFP tagged PH domains that specifically treatment affected polarized mPar3 distribution and
axon formation. The PI(3,4,5)P3 degrading enzyme PTEN,bind PI(3,4,5)P3 (Blomberg et al., 1999). When we ex-
pressed in hippocampal neurons EGFP tagged PH do- a tumor suppressor gene mutated in various human
cancers, is a key negative regulator of PI 3-kinase signal-main from the serine/threonine kinase Akt (also known
as PKB) (PHAkt-EGFP), however, we found that axon ing (Maehama and Dixon, 1998), and coordinates with
Signaling Required for Initial Axon Specification
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Figure 5. Atypical PKC Activity Is Required for Neuronal Polarity
(A) Compared to neurons treated with DMSO (left), hippocampal neurons treated with 5 M Bisindolylmaleimide I (Bis), a specific inhibitor for
PKC, do not extend axons (right). Images shown are representative of 3–5 independent experiments. The scale bars equal 100 m (top) and
50 m (bottom).
(B) Neurons show polarity defects after exposure to 10 M myristoylated pseduosubstrate peptide inhibitor selective for PKC. The scale
bars equal 200 m (left) and 50 m (right).
(C) Quantification of polarity defects in neurons treated with 5 M Bis, 10 M Rp-8-Br-cAMP (a specific inhibitor for PKA), 10 M PKC
specific inhibitor, and DMSO as control.
PI 3-kinase in the processing of phosphatidylinositol associate with different adaptor proteins for their trans-
location to the plasma membrane to reach their sub-lipids to amplify the signals emanating from chemo-
strates. Class IA associates with p85 and is activatedattractant stimulation of GPCR (G protein coupled re-
by phosphorylated tyrosine motifs. Thus, growth factorceptor) during chemotaxis (Funamoto et al., 2002; Ii-
receptor tyrosine kinases and Src-family tyrosine ki-jima and Devreotes, 2002). Because PTEN converts
nases could be upstream regulators of class IA PIPI(3,4,5)P3 into PI(4,5)P2 (Maehama and Dixon, 1998),
3-kinase. In contrast, class IB associates with p101 andoverexpression of PTEN reduces fibroblast motility
is activated by the  subunit of the trimeric G proteinwhich depends on PI(3,4,5)P3 level, whereas removal of
(G) (Cantley, 2002).PTEN enhances fibroblast motility (Tamura et al., 1998;
Integrins, which can activate Src-family tyrosine ki-Liliental et al., 2000). We found that overexpression of
nases, are critical for the cell polarity and directionalPTEN-GFP in neurons also prevented them from becom-
movement of migrating astrocytes (Etienne-Mannevilleing polarized (percentage of neurons polarized: 21.4 
and Hall, 2001). We tested for the possible involvement5.9%, n  19; p  0.005; Figure 7D). Moreover,
of integrins in neuronal polarity by treating neurons withPTEN-GFP expressing neurons also failed to transport
RGD peptides, which block integrin function, but foundmPar3 into neurites (Figure 7E). Taken together, these
no effects on cell polarity (percentage of neurons polar-results suggest that localized PI 3-kinase activity and
ized: GRGDSP, 82.5  4.9%, n  5; p  0.8; GRGESP,its product PI(3,4,5)P3 act upstream to localize mPar3
81.1  1.8%, n  5; p  0.9; Figure 6B). Thus, integrinsand polarize neurons.
and their downstream tyrosine kinases (e.g., Src and
Fyn) are unlikely to be involved in neuronal polarity.
Growth Factor Receptor Tyrosine Kinase Activity To determine whether neuronal polarity depends on
Is Important for Neuronal Polarity G protein signaling or growth factor receptor tyrosine
What might act upstream of PI 3-kinase to establish kinase, we treated hippocampal neurons in culture with
hippocampal neuronal polarity in the absence of obvious either specific inhibitors of G protein signaling, pertussis
polarity cues in culture? Different upstream regulators toxin (PT) and guanosine 5-(-thio)diphosphate (GDP-
-S), or a specific inhibitor for growth factor receptoractivate different subtypes of class I PI 3-kinases, which
Cell
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Figure 6. PI 3-Kinase Activity and Growth Factor Receptor Tyrosine Kinase Activity Are Required for Neuronal Polarity
(A) Hippocampal neurons treated with 100 M LY 294002 (middle), a specific inhibitor for PI 3-kinase, or 250 M AG1478 (right), a specific
inhibitor for growth factor receptor tyrosine kinase, show defects in polarity, compared to control neurons treated with DMSO (left). The scale
bars equal 200 m (top) and 50 m (bottom).
(B) Quantification of polarity defects in neurons treated with LY 294002 (20 M; 100 M), AG1478 (250 M), pertussis toxin (PT) (200 ng/ml),
GDP--S (600 M) and peptides GRGDSP (200 M) and GRGESP (200 M).
tyrosine kinase, AG1478. Neither PT nor GDP--S had cades for neuronal polarity, our study indicates that axo-
nally localized PI 3-kinase activity, likely due to activa-any effect on neuronal polarity. In contrast, AG1478 pre-
vented neurons from becoming polarized (percentage tion of growth factor receptor tyrosine kinase, causes
a similar subcellular localization of mPar3. The activitiesof neurons polarized: PT, 82.8  1.0%, n  3; p  0.7;
GDP--S, 82.2  1.6%, n  3; p  0.8; AG1478, 24.3  of these two kinases plus aPKC, as well as polarized
localization of both mPar3 and mPar6, are necessary4.7%, n  5; p  0.001; Figure 6A, right, and Figure 6B).
These findings suggest that activation of class IA PI for axon specification. These findings provide the frame-
work for a proposed pathway in establishing neuronal3-kinase by growth factor receptor tyrosine kinase is
required for establishing the polarity of cultured hippo- polarity (Figure 8).
We found that polarized distribution of mPar3 andcampal neurons.
mPar6 in the axon is essential for neuronal polarity, as
manifested by the existence of a single long axon afterDiscussion
hippocampal neurons are in culture for around 40–48
hr. These proteins are known to serve evolutionarily con-We have used hippocampal neurons in culture to investi-
gate the molecular mechanisms underlying neuronal po- served functions in determining cell polarity in worms
and flies. Moreover, both mPar3 and mPar6 are alsolarity. A hippocampal neuron polarizes when one of its
neurites elongates rapidly and becomes the axon while essential for the establishment or maintenance of epi-
thelial tight junctions, barriers that separate the apicalother neurites later develop as dendrites (Craig and
Banker, 1994). This takes place after the appearance of from the basolateral membrane and are hence critical
for epithelial cell polarity; overexpression of mPar3 ora large and highly dynamic growth cone containing a
very labile actin cytoskeleton in the neurite that will form mPar6 disrupts the localization of junctional compo-
nents such as ZO-1 in epithelial MDCK cells (Joberty etaxon, suggesting that regulation of actin dynamics within
growth cones is important for neuronal polarity (Bradke al., 2000; Gao et al., 2002; Hirose et al., 2002). We found
that ectopic expression of mPar3 or mPar6 in hippocam-and Dotti, 1999). To identify the upstream signal cas-
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Figure 7. Axonally Localized PI 3-Kinase Activity Is Required for Proper Distribution of mPar3 and Neuronal Polarity
(A) Stage 3 hippocampal neuron, identified with anti-Tuj1 antibody (top) and double-labeled with antibody specific for phosphorylated Akt
(Ser473), a downstream target of PI 3-kinase, reveals PI 3-kinase activity at the tip of the axon (arrows), but not the other neurites (middle).
The scale bar equals 25 m.
(B) Profile of phospho-Akt(Ser473) immunofluorescence intensity in the processes of a stage 3 neuron. AU, arbitrary unit. Dashed line indicates
the background level fluorescence intensity.
(C) Phospho-Akt(Ser473) immunofluorescence intensity at the tips of axon and dendrite relative to the cell body.
(D) Hippocampal neurons transfected with PTEN-EGFP (left) possess no single long axons, but extend two or more processes with similar
lengths (middle). The scale bar equals 50 m.
(E) Neuron expressing PTEN-EGFP (b) shows abnormal distribution of mPar3. Compared to nontransfected control neurons (a), which express
mPar3 at the tip of its axon (arrow), neurons expressing PTEN-EGFP have mPar3 restricted to the cell body. The scale bar equals 25 m.
pal neurons also disrupts neuronal polarity. Thus, the (Gotta et al., 2001; Kay and Hunter, 2001). It would be
interesting to determine whether these or other proteins,evolutionarily conserved functions of Par proteins (Ohno,
2001) are important for the polarity of different mamma- or perhaps lipid products of PI 3-kinase, directly or indi-
rectly affect mPar3 localization and function via its N-ter-lian cell types including neurons.
We have further uncovered a crucial role for the mPar3 minal region.
Atypical PKC forms a complex with Par3/Bazooka andN-terminal region, which precedes the PDZ domains and
the aPKC interacting domain, in its function on neuronal Par6 and is important for both C. elegans zygote polarity
and Drosophila epithelia and neuroblast cell polaritypolarity. Expression of the N-terminal region of mPar3
by itself prevented axon formation, suggesting this re- (Izumi et al., 1998; Tabuse et al., 1998). However, it is
not known whether aPKC kinase activity is required forgion is critically involved in mPar3 subcellular localiza-
tion and function. The N-terminal region of Par3 is well cell polarity. In the evolutionarily conserved mPar3/
mPar6/aPKC complex in mammals, the C-terminal re-conserved among different species, indicative of func-
tional conservation. In fact, the N-terminal region of Ba- gion (amino acids 747–956) of mPar3 interacts with the
kinase domain of aPKC and the N-terminal region (aminozooka was found to be necessary and sufficient for form-
ing an apical crescent in Drosophila neuroblasts (Y. acids 1–100) of mPar6 interacts with the regulatory do-
main of aPKC (Joberty et al., 2000; Lin et al., 2000;Hong and Y.N.J., unpublished data). Previous studies
suggest that actin and microtubules play an important Qiu et al., 2000). We found that aPKC kinase activity is
required for establishing neuronal polarity. What couldrole in generating the asymmetry of Par proteins (Rap-
pleye et al., 1999; Wallenfang and Seydoux, 2000). be the relevant target of aPKC? Atypical PKC has been
shown in an in vitro assay to phosphorylate mPar3 atCdc42, which directly interacts with the CRIB domain
of Par6, also may regulate the localization of Par proteins Ser827 and Ser829 (Lin et al., 2000). Another possible
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Figure 8. A Model for the Signaling Processes that Specify Neuronal Polarity
Stimulation of growth factor receptor kinases leads to PI 3-kinase activation and PI(3,4,5)P3 production, preferentially at the tip of one of the
neurites, causing similar polarized distribution of mPar3/mPar6 and activating aPKC and Cdc42/Rac1, which likely associate with mPar3/
mPar6. The resulting modulation of cytoskeleton dynamics allows this neurite to become the rapidly elongating axon. A positive feedback
loop could stabilize the asymmetric, polarized distribution of activated PI 3-kinase that may have arisen stochastically in cultured hippocampal
neurons.
target of aPKC is the microtubule-based dynein/kinesin lishing neuronal polarity? We found that axonally local-
ized PI 3-kinase activity and its lipid product PI(3,4,5)P3,motor complex (Goldstein and Yang, 2000). As hippo-
campal neurons in culture progress from stage 2 to as revealed by similarly localized activated Akt, were
important for mPar3 localization and neuronal polarity.stage 3, there is a rapid flow of membranous organelles
and other cytosolic components to the future axon Phosphorylated Akt has been found to increase dramati-
cally in adult motoneurons after axotomy, thereby accel-(Bradke and Dotti, 1997), a process that is likely to in-
volve motor proteins. It would be of interest to determine erating axonal regeneration (Namikawa et al., 2000).
Thus, the PI 3-kinase-Akt pathway may be involved inthe functional significance of these and other targets of
aPKC in neuronal polarity. the establishment of initial neuronal polarity as well as
reformation of the axon following axotomy.We found that mPar3 switched from a symmetrical
distribution to a highly asymmetrical distribution as hip- How might PI 3-kinase activity specify the axon? PI
3-kinase and its lipid product PI(3,4,5)P3 have beenpocampal neurons progressed from stage 2 to stage 3.
In stage 2 neurons, mPar3 appeared in most, if not all, shown to play instructive roles in cell polarization and
migration during chemotaxis (Funamoto et al., 2002; Ii-of the processes. But in stage 3 neurons mPar3 was
only in the axon, concentrated at its tip, but not in the jima and Devreotes, 2002; Wang et al., 2002; Weiner
et al., 2002). Chemoattractant causes activation of PIother neurites. Thus, mPar3 is either actively redistrib-
uted or selectively degraded as the neuron polarizes. 3-kinase and accumulation of PI(3,4,5)P3 at the leading
edge of the cell, resulting in the recruitment of a groupAlthough the sequences of mPar3 and mPar6 indicate
that they should be cytosolic proteins, we suspect that of PH domain containing proteins, such as PDK1 and
Akt, and activation of downstream effectors. Thus, PIthey might be transported via membranous organelles.
When coexpressed in COS cells, mPar3 and mPar6 colo- 3-kinase activity and its lipid product PI(3,4,5)P3 at the
tip of the axon could recruit PDK1 and aPKC to thecalized with each other and showed a perinuclear and
punctate distribution characteristic of membrane pro- membrane. PDK1 phosphorylation of the activation loop
of PKC would increase the activity of PKC by moreteins (data not shown; Lin et al., 2000). Interestingly, the
N terminus of mPar3 was important for the apparent than 3-fold (Le Good et al., 1998). PKC activity could in
turn increase the average microtubule lifetime andmembrane association of the Par proteins (data not
shown). hence promote rapid and robust movement of microtu-
bules into the actin-enriched neuronal growth conesWhat might act upstream of mPar3/mPar6 in estab-
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Hospital, Toronto, Canada); Cy3 or Cy5 conjugated secondary anti-(Kabir et al., 2001). The lipid products of PI 3-kinase,
bodies against mouse or rabbit IgG, biotinylated secondary antibodyPI(3,4,5)P3, could also increase the activity of the spe-
against rabbit IgG, and Cy5 conjugated streptavidin were from Jack-cific GEFs for Rho family GTPase (e.g., Vav and P-Rex1).
son Laboratory (Bar Harbor, Maine); Phalloidin conjugated with
The activated GEFs would in turn activate Rho GTPases Texas-red was from Molecular Probes (Eugene, OR); Bisindolylma-
(e.g., Cdc42 and Rac1), ultimately transmitting the sig- leimide I, LY 294002, AG1478, pertussis toxin (PT), GDP--S, and
peptides GRGDSP and GRGESP were from Calbiochem (Sannals to the actin polymerization machinery (Hall, 1998).
Diego, CA).Moreover, the PI 3-kinase activity and its lipid product
PI(3,4,5)P3 that are localized at the tip of the axon would
recruit the protein complex containing mPar3, mPar6, DNA Constructs
aPKC, and Cdc42/Rac1. The resulting physical proxim- Rat Par3 (ASIP) was cloned into pEGFP-C2 (Clontech) by PCR muta-
ity would facilitate PI 3-kinase activation of aPKC and genesis to introduce SalI sites at both ends. The N-terminal trunca-
tion mutant was generated with SalI and AgeI sites. The C-terminalRho family GTPases, leading to differential regulation
truncation mutant was generated with MfeI and SalI sites. Theof cytoskeleton dynamics in the growth cone of the
N-terminal fragment flanked by SalI and AgeI sites was cloned intoaxon.
pEGFP-C2. Mammalian Par6 was excised from pRK5myc(mPar6)
How might the symmetric mPar3 distribution among with BamHI and EcoRI and cloned into pEGFP-C2 with XhoI and
multiple neurites prior to neuronal polarization be shifted EcoRI sites. All constructs were confirmed by sequencing. DNA
to an asymmetric one restricted to the axon of stage 3 construct PETN-EGFP was kindly provided by Drs. M. Myers and
A. Piccini.neurons? A common and robust mechanism in break-
ing symmetry is the involvement of a positive feedback
loop (Turing, 1952; Andersen and Bi, 2000). The acti-
Neuronal Culture, Gene Transfection, and Pharmacology
vated Cdc42 and Rac1 not only regulate the actin cy- Preparation of the hippocampal cell cultures was according to pub-
toskeleton but also activate PI 3-kinase (Tolias et al., lished protocols (Brewer et al., 1993). In brief, hippocampi were
dissected from embryonic 18 (E18) rats, digested with a mixture of1995; Keely et al., 1997; Chan et al., 2002), which in turn
proteases at 37C for 15 min and dissociated with a fire-polishedwould cause further increase in the level of the lipid
Pasteur pipette in plating medium (minimal essential medium [MEM]product PI(3,4,5)P3, leading to an even greater activity
containing Earle’s salts with 10% fetal bovine serum, 0.5% glucose,of Cdc42 and Rac1. Given that these Rho GTPases and
1 mM sodium pyruvate, 25 M glutamine, and 1  penicillin/strepto-
the cytoskeleton regulate the subcellular distribution of mycin). Neurons were then plated onto glass coverslips (Warner
Par proteins (Rappleye et al., 1999; Wallenfang and Sey- Instrument Corp., Hamden, CT) coated with poly-D-lysine and colla-
gen at a density around 100–200 neruons/mm2. Neuronal culturedoux, 2000; Gotta et al., 2001; Kay and Hunter, 2001),
were incubated at 37C with 5% CO2. After neurons attached to thesuch feedback loops could also lead to the asymmetric
substrate (normally around 3–4 hr after plating), the medium wasdistribution of mPar proteins in polarizing neurons. In-
exchanged to neuronal culture medium (neurobasal medium withdeed, positive feedback loops linking PI(3,4,5)P3 with
1  B27 supplement, 0.5 mM glutamine, and 1  penicillin/strepto-
Rho GTPase and/or polymerized actin have been shown mycin). Around 6 hr after plating, neurons were transfected with
to be important for neutrophil polarity during chemotaxis various DNA constructs using lipofectamine 2000 (Invitrogen, Carls-
bad, CA). After 40–48 hr in culture, neurons were fixed with 4%(Wang et al., 2002; Weiner et al., 2002). While neurons
paraformaldehyde (PFA)/4% sucrose in phosphate buffered salinein culture are deprived of their normal polarity cues and
(PBS) at 4C for 20 min and processed for cell polarity analysisappear to respond to growth factors to polarize, perhaps
and immunohistochemistry. All the inhibitors were directly addedrelying on positive feedback loops to amplify the sto-
to neuronal culture medium at indicated concentrations around 6–9
chastic “bump” of PI(3,4,5)P3 in one process and specify hr after plating. Neurons were then fixed and analyzed around 40–48
their polarity, it is possible that external cues including hr after plating.
growth factors, transmitters, and cell adhesion mole-
cules activate the PI 3-kinase signaling pathway at spe-
Immunohistochemistrycific subcellular sites in neurons in vivo, so as to bias
Freshly fixed neurons were first washed with PBS and blocked with
or determine the location of PI(3,4,5)P3 accumulation 10% horse serum in PBS containing 0.1% triton X-100 to reduce
and therefore of axon formation, thereby specifying neu- nonspecific antibody binding. Neurons were then incubated with
ronal polarity. the primary antibody at 4C overnight. After washing with PBS, a
Cy5 conjugated secondary antibody was used to detect the signal.In summary, we have identified a signal transduction
The secondary antibody was incubated at room temperature for 2pathway mediated by the PI 3-kinase signaling pathway
hr. For mPar3 and mPar6 staining, the biotinylated secondary anti-and mPar3/mPar6/aPKC for the establishment of neu-
body was used and the signal was then detected with streptavidin
ronal polarity. Although we cannot rule out the involve- conjugated with Cy5.
ment of other parallel mechanisms, our findings pro-
vide insight into the molecular mechanism underlying
Image Acquisition and Quantificationaxon specification, invoking two evolutionarily con-
Neuron morphology was analyzed with a Nikon inverted microscopeserved mechanisms acting in tandem to determine neu-
Eclipse E800 equipped with epifluorescence and differential interfer-ronal polarity.
ence contrast (DIC) optics. Images of neurons were taken with Spot
CCD camera RT slider (Diagnostic Instrument Inc.) and analyzed
with Image J and Adobe Photoshop. Neuronal polarity was assessedExperimental Procedures
by determining the percentage of neurons with a single long process
at least twice as long as the other processes. For each construct orMaterials
Mouse anti-Tau1 antibody was from Chemicon (Pittsburgh, PA); pharmacological treatment, at least three independent experiments
involving multiple (6–24) coverslips were conducted. For each drug,Mouse anti-Tuj1 antibody was from Covance/Babco (Princeton, NJ);
Rabbit phospho-specific antibody against Akt (Ser473) was from the number of independent experiments was given in the text (more
than a hundred neurons were examined). The Student’s t test wasCell Signaling Technology (Beverly, MA); Anti-mPar3 and anti-mPar6
antibodies were kindly provided by Dr. T. Pawson (Mount Sinai used for the statistical significance.
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